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Abstract 


A  tapered  single-mode  fibre  optic  device  was  investigated  for  use  as  an  intrinsic 
pH  sensor.  The  sensing  process  is  ba.sed  on  the  detection  of  evane.scent-wave  excited 
nuore.scence  energy  from  an  indicator  dye  circulating  the  taper.  Appropriate  selection  of 
dye  and  taper  parameters  have  allowed  the  sen.sor  to  perform  well  in  harsh  chemical 
environments,  with  near-real-time  respon.se.  Future  work  could  include  immobilisation 
schemes  for  the  indicator  as  well  as  other  sen.sor  types,  such  as  pCa.  Further  optical 
properties  of  the  tapered  fibre  will  also  be  inve.stigated. 
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1.0  Introduction 


In  this  llrsi  year,  I  have  examined  the  suilahility  ofadiabatically  single  mode 
tapered  fibres  for  sensor  applicaliims.  To  do  so,  1  reviewed  recent  work  on  fibre  optic 
sensors  and  chose  to  design  an  elementary  pH  .sensor.  Further,  examining  the  characteristics 
of  the  tapered  fibre  as  a  waveguide  led  me  to  undertake  efforts  to  optimise  the  use  of  the 
evanescent  field.  I  accomplished  this  by  choosing  an  appropriate  indicator,  excitation 
wavelength  and  external  environment  for  the  taper.  1  pre.sent  here  a  summary  of  the.se 
efforts,  including  performance  data  from  the  .seasor  and  a  propo.sal  for  future  work.  For 
convenience  of  the  reader,  a  glo.ssary  of  the  more  chemistry-specific  terms  is  found  in 
■Appendix  1. 


2.0  Discussion  of  the  Literature 

1. !  Fibre  optic  .sen.s^as: 

Optical  fibres  have  been  explored  extensively  for  their  potential  use  as  .sensors.  As 
better  methods  of  exploiting  and  interpreting  optical  information  ari.se.  the  .situations  in  which 
I'ibres  could  be  employed  increase.  Before  we  look  at  the  potential  applicability  of  the 
adiabatically  tapered  single-mode  optical  fibre  for  .seasing,  it  is  nece.ssary  to  examine  the 
recjdiremenLs  for  acceptable  .sensors.  Various  de.scriptions  of  "good  fibre  sensors"  differ,  but 
several  characteristics  remain  at  the  forefront  of  most  di.scussions.  .Sensors  in  general  need  U' 
have  sensitivity  in  the  range  of  interest  as  well  as  selectivity  for  the  analyte.  It  is  u.sually 
desirable  for  them  to  have  a  broad  dynamic  range  and  to  perform  reversibly.  Sen.sors  should 
be  robust,  reliable,  and  responsive,  as  well  as  not  requiring  frequent  calibration.  ITtey  should 
be  above  all  inert  to  whatever  media  is  sampled.  Other  .sen.sor  characteristics  that  are  often 
considered  desirable  are  small  .size,  low  cost  and  the  capability  to  operate  autonomously. ' 
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To  decide  if  the  tapered  fibre  will  lit  some  or  all  «>f'  these  criteria,  we  first  examine 
the  fibre  and  its  behaviour.  .A.n  essential  component  of  any  form  of  chemical  analysis  using 
optical  fibres  is  the  optical  fibre  itself.  This  con.si.sts  of  a  light-guiding  core,  usually  a 
.silica-based  glass,  surrounded  by  an  optically  rarer  cladding.  It  is  this  cladding  that  can  be 
used  as  the  basis  for  interaction  with  the  analyte. 

Several  methods  of  interacting  with  the  external  analyte  exist.  Chemical  dopants 
may  be  placed  in  polymer-ba.sed  optical  cladding  materials  to  enhance  the  dependence  of 
fibre  transmi.ssion  lo.ss  on  the  chemical  compo.sition  of  this  surrounding  environment. 
.Another  approach  ii.ses  the  inver.se  process:  optical  energy  generated  by  fluorescent  dye 
molecules  in  the  cladding  is  coupled  into  the  core  by  means  of  the  evanescent  fields  of  the 
guided  models).  These  sensms  dif  fer  from  fiber  optic  .sensors  based  on  direct 
evanescent-wave  spectroscopy  in  that  active  substances  having  optical  properties  that  depend 
on  their  chemical  environment  are  made  an  integral  part  t>f  the  waveguide  structure. 

( )nce  the  method  of  interaction  has  been  established,  the  configuration  of  the  sensor 
Itself  mu.st  be  decided  upim.  Fibre  optic  senst'rs  for  both  phy.sical  and  chemical  parameters 
can  be  divided  into  the  follow  ing  two  types:  (i)  extrin.sic  .sen.sors.  where  the  optical  fibre 
merely  acts  as  a  light-guiding  link  between  the  mea.surement  point  and  the  interrogating  and 
display  electronics  and  (ii)  intrinsic  .sen.sor.s,  where  the  fibre,  probably  in  some  modified 
form,  is  the  sen.sing  transducer.  Although  typically  more  difficult  to  construct,  intrinsic 
sen.sors  are  likely  to  he  simple  in  terms  of  required  componenLs  and  thereby  more  suitable  for 
meeting  some  of  otir  requirements  for  "good"  .sensors. 

.Ml  intrinsic  fibre  .sensors  are  based  on  the  modification  of  some  optical  property  of 
the  fibre  by  the  analyte.  By  immobilising  indicator  dyes  in  the  cladding,  changes  can  be 
induced  in  the  loss  spectrum  by  analytes  that  have  no  native  optical  absorbance  in  the 
spectral  range  accessible  to  standard  optical  fibres.  Such  "active  coating"  .sen.sors  often 
provide  much  higher  .sensitivity  than  those  based  on  direct  spectro.scopic  detection  of  the 


analyie.  Because  ihe  light  in  the  fibre  remains  guided,  interaction  with  the  analyte  (or  an 
immobilised  analyte-sensitive  reagent)  can  only  occur  in  or  near,  via  evanescent  wave 
interaction,  the  waveguide.  Further,  the  ea.se  of  mass  transport  into  the  .sensitive  region  will 
be  dependent  on  the  si/e  and  number  of  acces.s-way.s  to  the  waveguiding  region  The 
tapered  Fibre  provides  both  increased  acce.ss  and  a  larger  surface  area  for  dye  immobilisation. 

2.2  Con.struction  of  Sensors: 

The  ideal  intrinsic  .sensor  would  utili.se  a  .scheme  in  which  the  evanescent  wave  was 
capable  of  interacting  with  an  external  analyie  over  a  large  surface  area.  The  area  available 
for  interaction  depends  greatly  on  the  method  of  immobilising  the  interactive  reagent  onto  the 
waveguide.  A  fluorescent  species  just  beyond  the  interface  of  cladding  and  external  analyte 
can  be  excited  by  the  evane.scent  wave  interaction  and  the  luminescent  photons  can  couple 
back  into  the  waveguide  by  the  rever.se  effect.  U.sing  this  general  technique,  the  change  in 
transmis.sion  that  occurs  in  the  pre.sence  of  the  analyte  can  be  more  than  ten  orders  of 
magnitude  greater  than  the  change  in  transmi.ssion  due  to  simple  optical  ab.sorbance  of  the 
analyte  itself  .  Several  methods  have  been  explored  in  order  to  bind  the  .sensitive  reagent 
to  the  waveguide. 


Various  solid  supports  such  as  glass,  cellulo.se.  polyacrxdamide  and  polystyrene 
have  been  used  for  immobilisation.  Their  .surfaces  are  readily  endowed  with  amino  groups  to 
which  an  indicator  can  be  limited.  Gla.ss  is  characterised  by  rigidity,  transparency  and 
resistance  to  bacteria.  Cellulo.se  is  a  much  less  rigid  support,  but  offers  other  advantages 
such  as  rapid  response  time.  Polyacrylamide  has  extremely  long  respon.se  times.  Poly 
(chloromethyl)  styrene  was  rejected  as  an  option  a.s  its  hydrophobic  surface  tended  to 
produce  results  that  were  not  reproducible  In  general,  polymers  as  a  sub.strate  for 
immobili.sing  (iptically  active  indicators  exhibit  significant  degradation  in  the  pre.sence  of 
strong  acids  or  ba.se.s.  Moreover,  they  are  also  le.ss  tolerant  of  the  high  temperatures  or 
pressures  typically  encountered  in  many  industrial  and  practical  applications  ^'”1  A  new 


lechnique  I'or  avDicling  some  ol'  these  tliflieullies  relies  on  solution-deposited  films,  which 
can  be  conveniently  doped  with  organic  compounds  such  as  la,ser  dyes  that  would  be 
decompo.sed  in  other  methods  of  film  depo.siiions  The  sol-gel  technique  (the  hydrolysis 
of  an  organometallic  precursor  followed  by  conden.sative  polymerisation)  results  in  chemical 
indicators  bt)und  in  a  highly  durable  matrix.  Long-lasting  and  environmentally  ruggedised 
fibre  optic  sensors  result  from  this  process  which  are  stable,  reversible  and  highly  .sensitive. 
Two  problems  remain;  surface  effects  and  response  time.  The  reagent  often  reacts  to  the 
surface  levels  of  the  analyte  rather  than  that  of  the  analyte  in  .solution.  Respon.se  time  of  a 
sol-gel  matrix  is  largely  determined  by  the  mass  transport  characteristics  and  is  thereby  slow. 
Nonetheless,  .sol-gel  has  the  potential  to  be  used  to  produce  tailor-made  gla.s.ses  and  ceramics 
with  wide-ranging  applications' 

Sol-gel  has  been  u.sed  by  other  re.searchers  in  an  intfin.sic  (but  non-tapered) 
evane.scent  fibre  optic  pH  sen.sor.  Resulfs,  as  .seen  in  Figures  1  and  2,  are  encouraging. 

.A.  tapered  fibre,  with  greater  exposure  of  the  evane.scent  field,  is  likely  to  produce 
even  better  results. 


Figure  1 :  Evane.scent  Wave-Excited  Fluore.scence  of  Fluore.scein  in  Sol-Gel 
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2.^  pH  ScnsiM's: 

As  the  prc\  i(>u,s  1  inures  indicate.  pH  delecti(>n  i,s  a  viable  application  lor  optical 
libres.  The  measure  rent  of  pH  is  very  important  in  chemical  .systems  and  where  limitations 
('i  conx  entional  pH  electrodes  make  them  un.suilable  for  certain  applications,  fibre  optics  can 
be  u.sed.'*^*  Optical  sen.sors  also  offer  good  mechanical  Ilexibility.  ver>’  .small  .si/e.  and  more 
precise  measurement  of  extreme  values  of  pH.*  Further,  in  acidity  detection  in  the  blood 
and  in  the  stomach  content,  optical  sen.sors  can  be  used  for  "in  vivo”  mea.surements.* 

Since  the  surface  of  the  waveguide  tends  to  be  polar,  hampering  measurements  in 
ionic  solutions,  a  coating  of  some  .sort  on  the  surface  of  the  optical  fibre  would  sers'e  to  not 
only  minimi.se  this  effect  but  also  immobili.se  the  lluore.scent  indicator.  pH  sensors  with 
optical  fibres  will  not  nece.ssarily  measure  pH  itself,  hut  rather  pKa.  depending  on  the 
chemical  process  chosen  to  interact  with  the  '‘xternal  media.  Calibration  mea.surements 
would  have  to  be  established  in  order  to  de.scribe  the  relationship  between  the  chemical 
reaction  taking  place  in  the  coating  on  the  surface  of  the  fibre  and  the  actual  level  of  pH. 
Immobili.sed  lluore.scent  indicators  that  have  a  known  rate  of  conversion  from  one  form  of 
the  indicator  to  another  accompanied  by  a  color  change  that  is  monitorable  by  a  fibre  are  a 
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very  reasonable  ehnice.  The  method  most  I'l  ten  used  for  attaching  such  an  indieaU'r  requires 

a  silanisation  process.  This  method  avoids  almost  all  reagent  loss  and  a  shift  in  the  pK  value 

MX] 

and  a  broadening  of  the  detectable  pH  range  can  often  be  oKserved.' 


2.3.1  The()r>' and  operation: 


.A.  major  disadvantage  of  photometric  pH  measurements  is  that  it  is  t.ie 
concentration  of  a  dye  species  which  is  determined  and  related  to  pH.  not  the  concentrati(m 


[I-]  = 


cK 


Equation  I 


I-  =  |Ih‘  conjiusilc  h:isi’  dI  iIh-  imlii  alor 

c  -  iltc  CDiKcntniiion  isinclK  >pcaking  slumid  bo  aoli\it>;  holds  true  lor  dilute  solutiotis.  <10  M) 

K  =  the  ei|uilibnuni  oousttitii 

Figure  3;  Relationship  of  Indicator  Activity  to  pH 

of  hydrogen  itms  itself.  The  cidour  of  the  dye.  w'hich  is  usually  a  weak  acid  such  as  a  phenol, 
is  giwerned  by  its  pKa  as  well  as  the  actual  pH  value.  This  pKa  can  be  affected  by  externa! 

I  actors  such  as  ionic  strength.  '  An  indicator,  usually  represented  by  the  lomi  HI.  acts  in 
solution  as  described  by  Figure  3. 


.At  It'w  pH  values,  the  equatitm  approximates  to  |!-|  -  0.  .At  high  pH  values,  jl-j  is 
equal  to  c.  the  concentration.  Con.sequently.  a  plotof  ll-|  and  the  absorbance  strength  against 
pH  follows  a  sigmoid  shape,  .similar  lo  that  of  an  acid-ba.se  titration.  '' 

2.4  Optical  fibres  as  Waveguides: 

Before  going  further,  we  need  to  discu.ss  the  characteristics  of  the  optical  fibre  as  a 
waveguide.  The  fibre  consists  of  the  three  parts:  the  core,  cladding,  and  protective  outer 
coating.  In  our  application,  the  outer  coating  is  removed.  The  cladding  becomes  thinner  and 
elongated  during  the  tapering  process. 


priUcctivc  ('Ulor 
coalini! 

f  igLirt' 4:  Optical  F-'ibro  Cdnliguralitui 

The  't  t'i  k  siiiglc-nn^de  fibre  used  guides  light  predominantly  in  the  core.  The 
optical  radiation  also  has  an  as.sociated  evanescent  field  that  is  a  rapidly  decaying 
exponential.  The  extent  of  this  l  ield  is  directly  proportional  to  the  wavelength  of  the 
radiation  in  the  core  and  inversely  proportional  to  the  number  of  TE  modes  supported  by  the 
core.  The  evanescent  held  can  react  with  the  material  of  the  cladding  in  the  same  manner  as 
if  it  w  as  a  real  field.  In  a  tapered  fibre,  the  external  media  acts  as  the  cladding  at  and  near  the 
taper  w  aist,  thus  pro\  iding  the  basis  for  interaction.  Ti'  maintain  maximum  field  strength, 
single  mode  libres  would  be  prelerred  tor  the  comsiruction  ol  evane.scent  lield  sen.sors.  ' 

2.4.1  Exploiting  Ih  t  Hxanescent  Wave: 


Specif  ic  techniques  fi'r  making  use  of  the  evanescent  field  of  a  waveguide  m 
^ensmg  applications  are  well-developc'd.  One  form  of  chemical  analysis  using  evanescent 
w  ave  interactiims  at  the  surface  of  a  cry.stal  waveguide  relies  on  the  penetration  of  the 
ev  anescent  wave  of  a  totally  internally  reflected  ray  into  an  absi'rbing  sample  medium.  The 
amount  of  absorption  depends  cm  bi'th  the  amplitude  of  the  evanescent  Held  in  the  .sample 
medium  and  the  number  of  rellections  within  the  waveguide  sample  cell.  The  former 
increases  dramatic:  iiy  for  incident  angles  approaching  the  waveguide  .sample  critical  angle, 
and  the  latter  is  inversely  proportional  to  the  waveguide  thickne.ss.  .i\n  unclad  optical  fibre  is 
a  particularly  useful  sensing  element  in  that  its  relatively  narrow  core  diameter  provides  a 
large  number  ol  rellections  per  unit  length.  '  Once  the  evane.scent  field  has  interacted  with 
the  external  solution  via  immobili.sed  indicators  a  certain  level  of  tluore.sceni  light  is 


goncraled.  As  the  exieriial  seliitien  is  icling  as  the  cladding,  this  niiorescenl  light 
(originating  in  the  snluiion  can  indeed  be  coupled  to  guided  modes  in  the  I'ihre  core  and 
transmitted  ovei  long  distances  without  appreciable  loss. 

The  coupling  of  fluorescent  energy  generated  in  the  fibre  cladding  to  guided  modes 
in  the  coi  e  can  be  appreciable,  especially  for  fibres  with  large  V  numbers.  The  dependence 
of  coupled  fluorescence  intensity  on  fibre  length  is  nonlinear;  there  is  an  upper  limit  on  the 
amount  ol  iluoresceni  power  which  can  be  coupled  to  guided  modes  in  the  core.  '  The 
efticiency  of  the  coupling  of  cladding  fliu'rescence  to  the  guided  modes  depends  strongly  on 
the  ”V  number"  of  the  fibre: 


V  =  =1=  a(nT-nr.)2 

K 


NA=(  nr  -  nr, ); 


k  =  \a,.uuin  (savclciiiitlt  >>l  the  auided  ligid 
a  =  radius  ot  the  fihre  core 
\  A  =  Numoncal  aperture 

r...  iti,  =  indiees  ot  reiraelmn  ot  the  e«w  and  eladdina  respeeiivelv 


Figure  .‘i:  Normalised  1  lequency  of  Optical  Fibres 


Fibres  with  higher  V  numbers  exhibit  strongly  coupling  coefficients  since  these 
fibres  have  a  larger  number  of  modes  near  cutoft  and  the  evanescent  fields  of  such  modes 
penetrate  more  deeply  into  the  cladding.  However,  higher  V  numbers  reduce  the 
abs('rbance  of  the  evanescent  wave.  Experimental  work  has  been  performed  to  determine  the 
wave  behaviour  and  power  capture  back  into  the  core  guided  modes  of  the  adiabatically 
tapered  fibre. 


S 


2.-j.2  Wave  hehaviinir  in  tapers; 


In  a  tapered  fibre,  as  the  lowest  order  fibre  mode  propagates  through  the  taper  its 
spot  si/e  increa.'^ss  until  the  modal  field  is  guided  primarily  by  the  fibre  cladding  and  the 
external  medium  sunMunding  the  taper  waist.  After  passing  through  the  taper  waist  the 
cladding  mode  evolves  once  more  into  a  core-guided  mode.  A  strong  optical  interaction  can 
occur  with  the  medium  surrounding  the  taper. 

The  interaction  A  particularly  strong  in  the  tapered  fibres  u.sed  in  this  lab  as  the 

wai^t  diameter  is  extremely  small.  The  ('ptical  power  density  in  the  evanescent  field  of  a 

micu  ’;  taper  is  about  three  orders  of  magnitude  higher  than  can  be  acnieved  by  polishing 

away  the  cladding  ol  a  standard  single-mode  fibre.  Biconical  lu.sed  fi^'.''‘•  '"babatic  tapers 

1  "^7 1 

can  be  made  with  a  waist  diameter  ol  less  tnan  1  m.  and  a  tian.smi.ssion  loss  than  0. 1  dB.  '  ' 

With  a  taper  of  w  aist  diameter  of  about  t>ne  micron  surnmnded  by  a  solution  of 
refractiv  e  index  1.44.  an  input  power  ol  only  lOW  will  produce  a  power  den.sily  in  the 

ps^l 

evanescent  Held  at  the  taper  waist  of  about  200kW7cm2  at  a  wavelength  of  b.'St)  nm.  ' 

This  extremely  intense  level  of  I'ptical  energy  is  ideal  for  sensor  interactions,  as  it  provides 
tor  high  signal  to-noise  ratii's  and  thereby  readily  extractable  information. 

2.-‘i  Reagents  for  Interaction: 

Fluorescent  substances  or  absorption  indicators  can  be  used  for  the  detection  of  pH 
by  optical  fibres.  Many  dyes  have  colours  that  are  .sensitive  to  hydrogen-ion  concentration 
and  thereby  give  optical  information  about  the  pH  of  a  solution.  If  an  indicator  of  the  form 
1HI|  dis.sociates  into  jf  |of  a  different  colour  than  that  of  |H1|.  the  overall  colour  of  the 
solution  w'ill  be  a  result  of  the  predominance  of  one  species  or  another.  Fluore.scence 
detection  for  sensing  offers  greater  sen.sitivity  but  less  re.si.stance  to  inlerferenus  and  thereby  a 
decrea.se  in  the  accuracy  of  the  measurement.  .Although  less  sen.sitive.  absorption  indicators 
show  negligible  interference  re.spon.se.  The  end  application  and  .sen.sor  configuration 
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determine  whether  a  Hiioreseent  ('r  absorption  indicator  would  best  suit  the  conliguraiion.  In 
the  pH  sensor  described  here.  !  used  a  fluiirescenl  indicator. 

2.5. 1  Fluorescent  indicators; 

A  t'kiorescent  indicator  typically  ab.sorbs  incident  light  of  one  wavelength  and 
re-emits  at  a  higher  wavelength.  The  differential  between  the  two  can  be  as  little  as  25  to  as 
much  as  1X0  nm.  Although  it  is  desirable  to  have  very  distinct  peaks  in  order  to  isolate  the 
source  from  the  emission,  the  efficiency  of  the  indicator,  and  thereby  the  optical  intensity, 
can  alh'w  for  distinguishing  between  even  very  clo.se  wavelength  peaks.  .Althi'ugh  typical 
pH  ranges  for  optical  reagents  are  1-2  pH  units  in  .sidution  and  2-.^  pH  units  in  immobili.sed 
Structures*  '**1  some  indicator  dyes  exist  tn  several  chemically  and  optically  separable  fonns 
at  various  levels  of  pH,  broadening  the  detectable  pH  range.  .Mixing  together  more  than  one 
reagent  could  also  achieve  the  same  result. 

2. 5. 1.1  Fluorescein: 

Fliu'rescein.  or  L'ranin  as  a  la.ser  dye,  is  an  exceptional  lliiore.scent  indicator.  It  is  a 
dye  of  the  xanthene  type.  The  molecular  staicture  and  spectral  properties  of  these  dyes  are 
\  er\  susceptible  to  the  pH  value  of  solutions  and  the  polarity  of  solvents.  The  typical 


!  I  \  Ulv'K'svi'in  tcllsoillUtli  tlUi'ICSvciIll 
(  I  (  1  4  i  ciKultltHol  ku'K'sccin 
i  <  >.  J  I’sm 
(  Y  i  vuin 'Mil 

I  R  l.rvihrt’Nin 
KM:  Koso  hc  OL'al 
VI H  M(‘Thromin 


11-:  Xi  =-  X 

.'  =  Y 

n.(  !j;  Xi  ^ 

X:=  Y  = 

1.0:  Xi  =  X: 

=  Y  =  ltr;/  =  H 

CY:  Xi  -  \: 

=  Y  =  Br;/=(l 

1  R:  Xi  -X: 

-  Y^I;/^il 

RK  Xi  =  X.- 

=  Y  =  1:/  =('l 

.MR:Xi  =ir 

1  X:  =  HiOM.  Y  -  Hr 

Figure  ft: 


Fluore.scein  and  its  Variants 


l-HI 


It) 


!(Hir-ring  structure,  as  seen  in  Figure  6,  has  a  dissociable  carboxyl  group  at  the  2'  and  an  aryl 
hydroxyl  at  the  6  position. 


.411  ot  the  above  configurations  may  be  u.sed  as  indicators. 

Floure.'.cein  (disodium  lluore.scein)  may  exi.st  in  one  of  six  forms  depending  on  pH 
value.  Four  of  the.se  forms  are  quite  optically  distinct,  as  .seen  in  Figure  7. 


pH 

X  maxtnni) 

Form 

1-2 

438 

proionated  cation  (p  c.) 

4.(KB 

4sO,47.S 

p  c.  +  neutrjil  quinoici 

6.S6 

405 

anion  I.  II 

‘>.28 

4‘>,S 

anion  11 

I  -50 

Figure  7;  The  Chemical  Forms  ol  Fluore.scein  at  Various  pH  Levels '  " 


In  strong  acidic  solutions  the  wavelength  of  maximum  ab.sorbance  is  4.^X  nm.  but 
the  resultant  lluore.scence  is  not  very'  inten.se.  In  a  neutral  to  slightly  ba.sic  solution, 
absorptiim  peak  is  near  493  nm.  In  strimgly  basic  solution, s.  the  maximum  ab.sorption  peak  is 
again  495  nm  but  the  nuore.scence  level  is  extremely  intense.  In  terms  of  deprotonation,  this 
can  be  expres.sed  as  in  Figure  X: 

I  nctonicfVli 

Fluorescein;  ,  ^  >  qumtod  anion  1  (VII)  < — »  anion  II  (VIII) 

no  absorption 


Figure  X:  The  deprotonation  of  Fluore.scein  '  ' 

Similar  results,  as  seen  in  Figure  9,  have  been  seen  by  other  re.searchers.  even  when 
fluorescein  is  in  a  non-aqueous  medium. 

The  level  and  po.sition  of  tluorescence  availa'^le  can  change  ba.sed  on  concentration. 
In  many  dye  systems  complications  due  to  dimer  formation  may  arise.  The  lluorescein  dimer 
has  two  absorption  peaks,  at  468  and  508  nm,  and  a  minimum  between  the.se  two  peaks 
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Medium 

pH  or  ’1’ 

Concentration 

lM/14 

X  max  absorption  (nm) 

Wa(cr 

1 

10^ 

437 

Walcr 

6 

10^ 

47n 

Water 

1,^ 

10^ 

490 

Ihin  1  iltn 

unheated 

in' 

4S.S 

iliiii  1  iliii 

20()-(' 

in' 

490 

Figure  9:  Fluorescein  Absorption  in  Water  and  Thin  Films 


around  4S8  nm.  The  dimer  should  exhibit  a  lower  I'luorescence  than  the  dianion  monomer 
when  excited  with  4XX  nm  light.  Therefore,  the  pH  responses  of  fluorescein  above  pH  7, 
where  most  fluorescein  molecules  are  dianions,  will  strongly  depend  upon  the  dimerisation 
of  the  dianion.  In  di.sodium  fluore.scein.  dimer  formation  is  not  observed  at 
concentrations  lower  than  10'^  mole/L.  The  varialhm  in  fluore.scent  wavelength  is  as 
described  by  Figure  10. 


i>ve  concentration 

k  emission. 

(M) 

nm 

10  ' 

10'' 

520 

lo" 

.‘^06 

10^ 

503 

10  ' 

504 

10^ 

500 

Figure  10:  Em i.s.sion  wavelength  .shift  with  concentration.  Excitation 
wavelength  is  4.‘>0  nm. 

In  summary,  as  the  pH  increase.s,  the  wavelength  for  maximum  absorbance  by 
fluore.scein  shifts  from  43.5  to  49.5  nm:  and  the  fluorescence  maxima  decreases  from 
approximately  555  to  530  nm  for  a  solution  of  10'^  M.  To  bias  the  .sen.sitivity  curve  of  the 
sensor  so  that  high  fluorescence  values  are  seen  at  high  pH  levels,  the  upper  ends  of  both 
limits  should  be  used. 
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3.0  Experimental  Design: 


3.1  Experimental  Optimisation: 

In  order  to  estahlish  it'  tapered  single-mode  fibres  would  he  responsive  to  pH 
changes  while  immersed  in  a  dye  cell  with  a  pH-sensiiive  dye,  the  various  subcomponenLs  of 
such  an  experimental  system  had  to  be  first  determined  and  subsequently  optimi.sed.  These 
components  included  the  la.ser  wavelength,  the  dye  concentration,  the  fluore.scence  maxima, 
the  taper  thickness,  as  well  as  the  automation  ('f  data  collection.  The  dye  to  be  u.sed. 
disodium  tluorescein  or  Uranin.  was  a  key  figure  in  determining  the  appropriate  excitation 
la.ser  wavelength.  Uranin  exhibits  different  absorption  maxima  in  different  solvents,  as  well 
as  at  different  pH  levels.  In  order  t((  obtain  ab.sorption  speciras.  the  following  system  w'as 
used; 


Figure  1 1 :  Ab.sorption  .Spectra  Measurement  System 
^.1.1  Excitation  Wavelength: 

The  wavelength  of  the  white  light  .source  was  varied  by  adjusting  the 
monochromator.  Tlie  en.suing  beam  illuminated  the  dye  cell  and  the  remaining 
(non-absorbed)  light  was  captured  by  a  large  area  photo  diode.  This  light  level  was 
monitored  by  a  l(Kk-in  amplifier  and  recorded  on  a  computer.  The  emitted  level  of  light  was 


1.3 


measured  at  every  wavelength  by  filling  a  dye  cell  with  the  snlvenl.  Absorption  of  the  dye 
was  measured  by  placing  dye  and  solvent  in  the  dye  cel!  and  looking  at  the  difference 
between  the  first  and  second  measurements.  This  procedure  was  repeated  at  three  pH  levels 
(4.  7  and  10)  using  buffer  solutions  in  addition  to  the  dye.  While  taking  these  measurements 
the  room  was  darkened  and  the  optical  elements  from  the  monochromator  to  the  photo  diode 
were  shielded  by  aluminum  tubing  to  minimise  interference  with  ambient  light. 

1 .2  Dye  Concentration; 

Dyes  at  very  high  concentrations,  as  noted  earlier,  can  form  dimers,  which  depress 
the  total  level  of  lluorescence.  In  such  a  ca.se,  a  typical  absorption  spectra  is  not  seen,  as 
shown  in  the  figure  below. 


Wavelength  (nm) 

Figure  12;  Dimer  Ab.sorption  .Spectra 

The  total  dimer  lluorescence  measured  was  two  orders  of  magnitude  lower  than  that 
taken  at  more  dilute  concentrations.  Concentrations  above  2x10  "M  tended  to  form  dimers. 

( )nce  a  lower  concentration  1 1 .02x10’"  M )  was  u.sed.  more  typical  ab.sorption  .spectra  were 
obtained  as  seen  in  Figure  13. 
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The  two  woll-clcl'incd  absorption  peaks  correspond  to  dilYerent  lorms  ol  Uranin.  The 
maxima  at  approximately  440  nm  corresponds  to  the  dye's  cation  and  ampho  ion.  The 
maxima  at  400  nm  indicates  the  presence  of  the  anion  11  form  of  the  dye.  Between  the  two 
maxima  is  a  high  level  of  absorption  with  no  clearly  discernible  maxima;  this  corresponds  t(» 
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pH=4 


45C  4?C  i'K: 
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\^.tvcU‘nv(h  mil 


0  0 
4lC  4SC  450  4?0  5!0 

WaviicnL’lh.  nm 


Figure  I  T  Fluorescein  .Absorption  Spectra:  Dye.  pH  =  4.  7,  and  10 

the  quin(hd  and  anion  I  forms  of  the  dye  that  are  .seen  at  near-neutral  pHs.  often  with  an 
absorption  maxinta  of  about  470  nnt. 

1.7  Fluorescence  Maxima 

Various  environmental  factors  will  alter  the  lluore.scence  maxima  of  Uranin.  The 
concentration  of  dye  determines  the  total  level  of  lluore.scence  observed  as  well  as  where  the 
lluorescence  is  seen.  The  pH  level  of  the  .solution  has  a  dra.stic  effect  on  the  level  of 
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MK  ot  KOH  added 


Figuiv  !4:  Bulk  riuore.sconcc  Mou.suivmenl  Setup 


f-igure  1 5.  ( Overhead  view  <>l  Dye  Circulator 
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r-igiue  16:  Tilialion  C’urve;  1(H)M  KOH  vs  17.4  M  Aeelic  Acid 
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lluorcscence  measured.  The  I'luore.seenee  .spectra  at  the  concentration  cho.sen  as  a  result  of 
the  absorption  measurements  was  taken,without  a  taper,  to  determine  the  maxima.  A  method 
lor  circulating  the  dye  through  the  laser  beam  was  developed,  as  shown  in  Figure  14. 


The  nuore.scent  light  rc.sultant  from  the  dye  was  collimated  as  best  po.ssible  and  sent 
through  a  monochromator.  A  wavelength  .scan  was  performed  to  determine  the  peak 
Huore.scence  wavelength.  In  order  to  filter  out  the  .source  wavelength,  an  (Xjl515  optical 
filter  was  u.sed.  The  Huore.scence  .spectra  was  determined  at  various  pH  levels.  A  titration 
curve  as  a  ba.seline  was  obtained  by  adding  lOOM  KOH  to  17.4M  acetic  acid.  This  curv'e.  as 
seen  in  Figure  lb.  di.splayed  a  typical  .sigmoid  shape. 


Fluore.scence  maximas  at  pH  2-14  were  recorded  to  establish  a  wavelength  of 
12 


A 


Wavelength,  nm 


'■«'  •!* 


570  580  590  600 


Figure  17:  Fluore.scence  .Sprectra  of  Hranin 


maximum  emission.  As  Figure  17  shows,  the  overall  shape  of  the  curve  remained  the  same. 
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hut  the  nuoreseenee  level  decreased  with  lower  pH.  Further,  the  liuoreseenee  maxima 
shilled  slightly  to  the  left  as  the  pH  decreased. 

The  maximum  liuoreseenee  level  was  measured  at  326  nm.  Once  this  maxima  had 
been  established,  a  titration  was  performed,  asing  a  pH  meter  to  verify  the  pH  levels,  and 
plotted  against  the  fluorescent  inten.sity  measured.  This  would  demon.slrale  if  the  activities 
actually  lUeasured  by  lluore.scent  capture  were  comparable  to  the  hydrogen  ion  levels  seen  in 
the  baseline  acid-base  titration.  As  .seen  in  Figure  IX,  the  lluorescenl  levels  were  very  low  in 
acidic  regions,  increasing  t(i  a  peak  at  approximately  pH^^y. 


.1.1.4  Taper  Diameter; 


Taper  measurements  were  expected  to  be  higher  as  the  nuore.scem  light  would  be 
captured  directly  into  a  fibre.  A  highly  sensitive  yet  durable  taper  had  to  be  fabricated. 
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Figure  IX:  Bulk  Fluore.scence  of  Uranin  vs  pH 


The  tapers  were  prepared  in  the  estahli.shed  method,  using  .single-mode  SM45() 
York  fibre,  with  a  numerical  aperture  of .  1 X,  a  cutoff  wavelength  t>f  450  nm,  and  a  fibre  outer 
diameter  of  XO  microns.  The  tapering  system  u.sed  was  as  illu.strated  in  Figure  19. 


IX 


Mi>n4»chrnnialcr 


('I'nipuicr 


Rijure  iy:  Tapering  Ri« 

carcl'ii!  use  ol  a  ra/er.  This  unprotected  section  is  then  cleaned  with  acetone  and  placed 
above  an  oxybutane  Hame.  The  fibre  is  held  in  place  with  carefully  aligned  blocks  and 
magnetic  strips.  The  flame  is  then  slipped  into  place  directly  below  the  fibre  and  the  motors 
engaged  to  stretch  the  fibre.  Transmi.ssion  lo.ss  is  monitored  via  computer.  The  fibre  was 
stretched  until  the  waist  diameters  were  anywhere  from  .5  to  10  microns  in  diameter.  .An 


f-igure  20:  Taper  Mount  with  Dye  Cell 
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iipproximalc  si/c  was  dclcrmincd  during  lapcring  wilh  a  sicrcnscopic  optical  microscope. 
Once  mounicd,  the  taper  diameter  w'as  verilied  wilh  a  more  accurate  micr.),scope.  The  mount 
lor  the  taper  was  as  used  in  previous  work  and  is  illirslraled  in  Figure  20. 

Only  tapers  wilh  less  than  .  1  dB  lo.ss  were  u.sed.  A  typical  loss  spectrum  is  seen  in 
Figure  2 1 .  The  appropriately  low-lo.ss  tapers,  once  mounled.  could  be  connected  to  a  dye 
reservoir  and  a  pump  in  order  to  circulate  Uranin  dye  and  various  solution.s. 


T  1  ..‘S  C'omponents  ol  the  Dye  Solution 

The  elements  ol  this  circulating  solution  were  chosen  carelully  to  maintain  a 
constant  index  ol  retraction.  Other  con.sU'ainLs  on  ihe  .solution  included  the  physical  si/e  ol 
the  dye  re.servoir  and  the  necessity  lor  a  con.slanl  aliquot  ol  Uranin.  The  indices  ol  retraction 
ol  the  dye  and  titrate  (or  bulTer)  were  added  volumelrically  and  enhanced  optically  through 
the  use  ol  a  high  retractive  index  solution.  These  .solutions  tended  to  be  vi.scous  and 
exhibited  unpleasant  properties:  ben/yl  alcohol  always  broke  tapers  alter  a  very  short  time  of 
circulation,  and  all  .solutions  tended  to  mix  slowly  and  not  entirely  uniformly.  Dimethyl 
sulfoxide  (DMSO)  was  most  successful:  tapers  4- .5  microns  in  waist  diameter  .survived  its 
circulation.  Uranin  had  the  index  of  refraction  of  its  .solvent,  methanol,  or  1  ..^26.  The  index 
of  refraction  of  DMSO  was  relatively  high,  with  n=1.47X.  Glacial  acetic  acid  ( 17.4M)  was 


typically  low  in  ivlraciivc  index  at  1.37;  all  i>rihe  bulTcrs  were  similarly  low  at  1..32.  The 
index  of  ret'raelion  lor  lOOM  potassium  hydroxide  (KOH)  was  not  initially  known.  The 
index  ol  relraetion  ol  organic  siibslances,  in  iteneral.  is  alTected  by  its  concentration,  as 
dem<'n,straled  in  Fiymre  22. 

1  36 
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rienie  22:  Index  ol  Reliaction  \s  ('onccntrui  on.  Oreaaic  Substances' 

It  vva>  iK'i  known  at  which  concentration  ol  KOH  the  peak  level  I'l  relractive  index 
would  be  seen.  .,oi  what  the  peak  was.  ihouith  Ihe  known  data  are  as  described  in  Figure  2.3. 

In  Ollier  to  determine  thi.  index  ol  retraction  lor  lOtIM  KOH.  a  relractometer  and 
low  and  high  index  solutions  were  u.sed.  Fhe  simple  relractometer  u.sed  only  had  a  rang^ 
horn  n=l  .43  to  1 .4S.  Volumetric  titrations  with  methanol  (low  index)  and  DMSO  thigh 
index)  were  separately  carried  out.  as  the  index  ol  relraetion  ol  lOOM  KOH  could  have  been 
on  either  side  ol  the  end  points  ol  Ihe  relractometer.  The  delemiined  refractive  index  was 
1.4.  Once  this  hud  been  established,  an  appropriate  table  of  .solutions  required  for  each  pH 
level  to  maintain  the  same  refractive  index  could  be  derived  as  seen  in  Figure  24. 
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1.43 


Figure  2.'^:  Index  of  Refraction  vs  Ci'ncentralion,  KOH*'**' 


^.2  Daui  C'olleclion  S\  siein 


In  order  to  automate  collecti(m  of  analog  data  from  the  experimental  system,  a  data 
acquisition  card  was  installed  in  an  IBM-compatible  AT  computer.  Cimnections  were  made 
lo  provide  for  analog  input  as  well  as  digital  output.  The  analog  input  was  connect  to  the 
lock-in  amplifier  to  directly  record  the  received  voltage  level.s.  C'onditioning  software  was 
written  lo  scale  the  data  appropriately.  Digital  output  was  provided  to  drive  a  stepper  motor 
ronnected  to  a  monochromator.  .Several  comparative  "lest  runs"  were  performed  to  verify 
data  read  in  to  the  computer  matched  data  measured  by  the  lock-in  amplifier.  Once 


pH 

DMSO 

(mis) 

ITanin 

(nils) 

lluffer 

(mis) 

Acetic  Acid 
(mis) 

2  1 

^2  1 

10 

0 

4 

4 

V‘i  s 

10 

2  S 

0 

•7 

tu.s 

10 

2.S 

0 

It) 

V<)  s 

10 

2.^ 

0 

Figure  24-  Sample  solution  mixtures  for  n=l.44; 
proportions  lor  other  pH  values  were  similarly  determined  . 
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cxponnienlally  vcriricd.  all  data  was  taken  was  recorded  on  ihe  computer.  Appendix  II 
contains  detailed  descriptions  of  elements  within  thi  data  collection  systems. 


4.0  Results: 


4.1  Final  Experimental  System: 

The  respiHi.se  of  the  taper  to  pFl  as  measured  hy  evanescently-excited  lluorescence 
levels  was  determined  u.sine  the  system  seen  in  Figure  25. 

Ba.sed  on  earlier  results,  each  portion  t)f  this  sy.stem  had  been  opiimi.sed  to  the 
extent  po.ssible.  The  tunable  argon-ion  la.ser  was  .set  to  4XX  nm.  the  wavelength  most 
appropriate  for  ab.sorption  maxima  of  the  dye.  All  optical  elements  were  aligned  so  that  the 
maximum  amount  of  light  was  retained  from  the  laser  beam.  The  Fibre  ends  were  cleaved 
and  placed  in  the  x.y./  microposilioners  to  receive  or  emit  the  maximum  signal.  The  dye 
solution  was  at  a  fixed  (and  high)  index  of  refraction  of  1.44  that  would  allow  the  evane.scenl 
wave  at  the  taper  waist  to  interact  with  the  surrounding  media  and  also  foster  recapture  at  the 
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Figure  25:  Taper  Setup  of  pH  Mea.siirenients 


I'ar  end  ol  the  taper.  The  concentration  ofLiranin  at  i.OlxlO  -M  wa.s  high  enough  to  get  a 
significant  fluorescence  signal  without  formation  of  dye  dimers.  The  dye  was  circulated 
around  the  taper  at  a  slow  enough  speed,  controlled  by  extending  the  length  of  the  tubing 
from  and  to  the  dye  reservoir,  to  minimise  breakage  of  tapers.  The  4-5  micron  waist 
diameter  taper  was  small  enough  to  allow  interaction  of  its  evanescent  field  with  its  external 
medium  and  large  enough  to  be  physically  and  chemically  durable  with  the  viscous  solutions 
used  to  maintain  the  refractive  index. 
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Figure  26:  Mtmochromator  Dial  Selling  and  Wavelength  Corre.spondence 


The  monochromator  had  been  aligned  with  all  wavelengths  of  the  tunable  argon-ion 
laser  and  a  polynomial  lit  established.  The  monochromator  could  then  be  verifiably  set  at 
.“>26  nm  to  ensure  maximum  lluorescence  signal. 

4.2  Taper  Respon.se  to  pH; 

Once  final  optimisation  was  complete,  .several  .sets  of  data  were  taken  on  the  .same 
set  up  with  the  same  taper.  The.se  all  showed  the  .sigmoid  form  as  expected  and  indicated  in 
Figure  27. 
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Figure  27:  Taper  Response  to  pH 

Signal  levels  of  lluoreseence  were  mueh  higher  than  those  recorded  in  bulk 
lliiorescence  measurements.  The  higher  signal  levels  e.stended  the  detectable  range  to  pH 
3.2-9.  as  Figure  2S  demonstrates. 


4  ^  Di.seu.ssion: 

The  viability  ol  using  an  adiabatically  tapered  optical  fibre  as  a  pH  .sensor  has  been 
shown.  Although  the  system  in  u.se  required  a  constant  index  of  refraction  to  keep  all 
fluorescence  levels  comparable,  the  final  re.sponse  curve  clearly  follows  that  of  hydrogen  ion 
sensitivity.  The  extended  range  of  the  sen.sor  and  its  increased  signal  levels  over  those 
results  seen  in  the  bulk  fluorescent  .system  retlected  the  increa.sed  efficiency  with  which  the 
light  was  collected. 


The  configuration  of  this  device  as  an  intrinsic  sensor  makes  it  very  attractive  for 
further  optimi.sation.  The  system  already  meets  some  of  our  requimmenLs  of  a  good  .sensor  in 
that  it  is  sensitive,  inert  to  the  external  media,  reversible  and  chemically  robust.  It  does. 
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Figure  2S;  Dclcdion  Regime  loi  Taper 

howevei.  require  preireaimeni  ol  the  sample  (and  thereby  ealihnilion)  and  is  not  neee.s.sanlv 
selective.  Suitable  support  structures,  such  as  sol-gel,  could  be  u.scd  to  create  a  device  that 
does  not  require  a  I'i.xed  external  index  ol  refraction  and  aliquot  of  Uranin  dye.  An 
immobilisation  coating  would  have  to  be  cho.sen  with  care  in  order  to  retain  the  responsitivity 
of  the  sen.sor. 


5.0  Future  efforts; 


Several  areas  of  work  are  natural  exten.sions  of  this  preliminar>'  research.  The 
tapered  fibre  should  be  made  .sensitive  to  chemical  species  other  than  the  hydrogen  ion,  in 
order  to  i.solate  .sen.sor  respon.se  from  other  factors,  such  as  itinic  strength  effects.  Another 
area  of  interest  for  the  taper  is  the  exploration  of  the  behaviour  of  colloidal  solutions.  La.sUy. 
other  sensor  configurations  should  be  examined,  both  experimentally  and  theoretically. 


The  current  system  eunliguration  of  the  tapered  fibre  could  be  readily  adapted  for 
the  detection  of  other  substances.  A  different  indicator  dye  could  be  used  that  also  exhibits  a 
high  level  of  absorbance  tor  the  wavelengths  of  the  argon-ion  laser.  One  such  dye  is  fura-2. 
which  is  sen.sitive  to  the  concentration  of  calcium. 

.Another  taper  interaction  for  inve.stigation  is  the  non-linear  optical  property  of  metal 
colliMds.  Gold  and  silver  colloids  exhibit  a  dramatic  resonantly  enhanced  third  order 
nonlinearity,  This  effect  is  related  to  the  surface-mediated  enhancement  at  the  plasma 
Irequency.  '  The  index  ol  retraction  of  such  colloids  would  have  to  be  stabilised  a.s  before. 
Surrounding  a  .suitable  taper  with  metal  colloids  would  also  allow  the  demonstration  of 
compact  fibre-based  phase  conjugate  oscillators  and  amplifiers. 

Different  sens(^r  configuratiems  should  be  attempted  as  well.  Characterisatiim 
studies  of  sol-gel  coaled  tapers,  supplied  by  Dr.  Henry,  could  be  performed.  Funher,  once 
design  criteria  for  the  .secimd  type  of  .scm.sor.  capable  of  detecting  calcium  (for  example), 
have  been  determined,  these  too  could  be  coated  and  sub.sequently  characteri.sed.  These  two 
data  sets  could  form  the  basis  of  a  rudimentary’  ba,seline  for  compari.son  of  the  effectivity  of 
si'1-gel  coated  tapered  fibres. 

Configurations  separate  from  the  single  tapered  fibre  are  worth  investigating  as 
well.  Using  suitably  designed  optical  couplers,  excitation  wavelengths  of  the  la.ser  could 
enter  (me  arm  of  the  coupler,  interact  with  a  solution  as  e.stabli.shed  in  the  initial  work,  and 
re-emerge  at  lluore.scent  wavelengths  from  the  opposite  arm.  This  would  be  examined 
theoretically  and  experimentally. 

Finally,  it  would  be  po.ssible  to  u.se  a  "drilled  core"  .sen.sor  configuration.  '*** '  In 
this  instance,  a  large  gla,ss  rod  could  be  drilled  to  allow  various  cylinders  of  diffemnt 
materials  to  placed  within  the  overall  waveguide.  Again,  the  far  end  of  this  waveguide  could 
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Figure  29;  Potential  Coupler  Configuration 

be  placed  in  a  soltitic'n.  and  lliiorescenl  light  guided  up  the  second  path.  This  UM)  would  be 
examined  theoretically  and  experimentally. 
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Figure  30:  Potential  drilled-core  sensor 

In  order  t('  most  ellectively  time-pha.se  lhe.se  elYorts.  taper  work  would  be  performed 
first.  This  would  logically  be  followed  by  efforts  to  examine  coupler  senst>rs.  A  final  effort 
would  be  devoted  to  the  drilled-core  configuration.  All  efforts  will  likely  lake  between  six 
and  eight  months  each,  leaving  time  for  .suitable  write-ups  and  analy.sis. 
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Alii|Ui>t: 

Amphoteric  (or  ampho): 
A  naivte; 

Anion: 

Aqueous: 

Aromatic  rin);: 

Aryl  hydrogen: 

Kiiffer  solutions: 

t'arboxy  I  group: 

<'a(ion: 

Deprotonation: 

Dimer: 

tilacial  acetic  acid: 

Hy  drolysis: 

Hydroxy  1: 

Indicator: 

in  vixo: 

Ionic- 

Organic  compound: 
I'henoi: 


Appendix  I 

_ Glossary _ _ 

An  oxacl  aiiHuint  ol  soluiion 

Able  to  lunction  both  as  an  acid  and  as  a  base 

Substance  under  analysis 

Negatively  charged  chemical  species  (ions) 

Dissolved  in  water 

Carbon  ring  in  which  the  carbon  atoms  are  arranged  in  loops,  with 
double  and  single  bonds  alternating  Irequenily  depicted  as  a  regular 
hexagon  Aromatic  refers  to  the  tact  that  several  compounds  ot  this 
type  are  tiagrant  (lor  example,  naphthalene) 

Hydrogen  directly  bonded  to  an  aromatic  ring 

solutions  (hat  contain  both  acid  and  base  and  can  respond  to  the 
addition  ol  either,  in  an  attempt  to  maintain  a  constant  pH 

the  chemical  group  ('< ><)H 

I’ositnely  ciiarged  chemical  spectes  Dons) 

siibiraction  ol  the  liydrogen  ion  (someliines  called  dehydrogenation) 
a  compound  composed  ol  two  specilu'd  atoms  or  molecules 
I’ute  acetic  acid 

a  hydroxyl  ion  becomes  attached  to  the  metal  (lor  instance)  ion 
the  iinivaleni  radical  or  group.  OH 

any  of  various  substances  that  indicate  a  presence,  absence  or 
s oncenirat  10(1  ol  a  substance  by  means  ol  a  characteristic  change 
( usually  colour) 

processes  carried  out  in  the  living  orgiinisin 

a  substrance  (hat  is  electrically  charged  by  the  local  loss  of  one  or 
more  electrons  (see  polar) 

chemical  compound  formed  from  carbon, 

any  ol  a  class  ol  organic  compounds  whose  molecules  eontain  one  or 
more  hydroxyl  groups  bound  directly  to  a  carbon  atom  in  an  aromatic 
ring 


pK: 


K  rcprcsi'itl'.  llio  ilissotiauni  rate  ul  a  eiven  subsianee.  i  e  .  acetic  aeui 
molecules  and  acetate  ions; 


I'olar: 

Reajjent : 

Silanisation: 

Sol-j>el: 

So|\  ent : 

I  itration: 

Xanthene  d>  e; 


\H^\\C2H^02\  ^  ^ 

\HC2  H2  02\ 

\HC2H202\ 

nH  -  pK  -  lot! 

It  IS  this  last  term  that  can  cause  the  pil  readinj;  to  he  inaccurate  il  the 
concentration  of  an  ion  other  than  hydroxyl  is  measured. 

la  midecule)  liavins;  an  uneven  distribution  ol  electrons  and  thus  a 
permanent  dipole  nioincnt. 

any  substance  used  in  a  chemical  reaction  to  detect  or  measure  other 
substances 

lormation  ol  any  ol  various  silicon  hydrides  (Sirill;n.:i 

a  chemical  process  in  which  a  single  or  multi-component  metal  oxide 
si'luiion  undergoes  gelation  (colloid  id  a  more  solid  lormi  lo  lorm  a 
coherent  rigul  network  ol  the  oxides  present 

a  lu|uid  capable  ol  dissolving  another  substance 

the  process  ol  determining  the  conceiiiralion  ol  a  substance  in  solution 
by  adding  to  it  a  standard  reagent  ol  known  concentration  in  carelully 
measured  amounts  iiiitil  a  reaction  ol  deliniie  and  known  proportion  is 
completed  and  then  calculating  the  unknown  concentration 

any  various  brilliant  lluoresceni  yellow  to  pink  to  bluish  red  dyes 
cliaracierised  by  the  heterocyclic  compound  ('iiHinO 
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The  equipniLMU  used  in  ihis  investi^alion  is  listed  hy  major  subject  group:  optical, 
electronic,  and  chemical. 

OPTICAL _ 

Laser  ()nuHchrt>me  air-cooled  Ar<ion-ion  laser.  nu)del-.''4^ .  Continuous 

'.va\ elenutli;  can  operate  in  sinele  line  or  niulti-niodc 


INK.S  AVAILAlil  i; 
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Refractometer 
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f  icurc  ^1  Multiple  lines  ol  the  areon-ion  laser 

III  praetiee.  the  power  levels  used  are  approxiniately  halt  ol  the  above 

York  siui!  le-inode  libre.  SM-450  Cutoll  vvaveleneih  is  4s0nni 
I  ihre  outer  diameter  is  SO  microns  Numerical  aperture  is 


Bclhnehaiu  N  Staiilev  susiar  relraelometer 
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White  lij;ht  Source 
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()<; 5 1  5  filter 

ELECTRONIC 
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Mo(.lel  SR'^IO  Irom  Siaulord  Research  Sysiems  luo  inpul  channels 
I  Menial  relerence.  Oiilpuls  include  BNC.  (ilMH.  RS2^2  inierlace 

I’liuton  Control  Surface  Absorber.  Model  2S.  Relleclivity  constant  two 
percent  Irom  IVMlnm  to  22  microns 

RS  Components  (I2S()X)  Icin'  active  area  Peak  response  at  'MUI  ntn 


\l«‘ior 


Vl.'l.M 

(  .IT  cl 

KS  U'is 


1  leiire  td:  Motor  Controller  Circuit  Diasiram 

Model  PCI  -SI2I’(i  enhanced  multi-lab  card. lb  analoc  input  channels, 
lb  dijtital  output  channels,  and  lb  dtuilal  input  channels 


(.'umputer 


Opus  PC-V  A  I  IHM-eompatible  Monochrome  monitor.  Borland 
Pascal  version  b  <)  ianalysis  software) 


CHEMICAL 


pH  Meter 

Muoreseein 

Methaniil 

Dimethyl  sulfoxide 
Acetic  acid,  glacial 
I’otassiuin  Hydroxide 
Buffer  Solutions 


RS  61()-;S4().  Mcasuremeiii  ranee  0-14  pH  umis,  resolution  111  pll. 
repealabilil y  .02  pll,  anil  accuracy  -t-/-  .0^  pll 

I  iranin/liranine/Disodiuni  fluoresce  in/ Ye  I  low  I  luorescein/l  luoresceiii 
sodium.  MW  ^76. 2X.  ('yoll  loOsNai  I  isons  lab  Kcaeeiii 

MW  2204.  CllrOM.  Reagent  mixture.  1  isons  Specified  l  ab  Reagent 

MW  7S.12  ClbSOCIh.  Reagent  grade  RDIl  AnalaR 

MW  f)0  ('ll  iCOyll,  17  4  M  Reagent  grade  Aldrich. 

MW  Sfi  I  1  KOII.  100  M  (in  water)  1  isons  Analytical  Reagent 

pll  4.0  (plithalate);  actual  value  4,01  at  20  (' 
pll  7  I)  (phosphatcK  actual  value  ‘iS  at  20  (' 
pll  10  ()  (borate),  actual  value  10  111  20  (' 

I  isons  .Analytical  Supplies 
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Appendix  III 

Characterisation  of  Some  Evanescent  Field  Devices 


In  order  lo  characlcriso  some  ol'  the  clTocls  ol'  clemcniary  (non-laporcd)  cvancsceni 
field  oplieal  sensors,  various  researchers  have  invoked  a  bound  ray  analysis.  This  analysis 
describes  ihe  altenualion  of  ihe  bound  ray  as  it  propagates.  To  fully  describe  the  altenualion 
in  the  cladding,  a  wave  effect  is  incorporated  into  the  ray  description.  This  analysis  draws 
heavily  on  material  absorptiitn  as  described  by  Snyder  and  Love. 


T(^  describe  the  power  of  an  evane.scent  wave.  Snyder  and  Love  introduce  the  power 
attenuation  coelficient  yi/l  of  a  ray: 


y(/)  = 


-I 

P(/) 


dP(z) 

d/ 


w  here  dF(/)  is  the  the  change  in  ray  power  due  to  the  absorption  in  distance  d/ 
along  the  libre.  The  fields  associated  with  the  local  plane  wave  become  evanescent  and 
decrease  exponentially  with  increasing  distance  from  the  axis.  The  evanescent  fields  lose 
some  ol  their  power  to  the  absorbing  cladding.  The  loss  can  be  summed  at  .N  points  in  unit 
length  of  the  fibre: 

y^■  I  =  NT.  /  ijtidih'ii  4.  / 

power  in  reflected  ray 

power  in  incident  ray  /  a  _ 

I'he  external  media  at  the  exposed  portion  of  the  core  guides  the  field,  and  the 
power  transmitted  is 

P(Z)  =  P(0)exp  ''''  l.iiuaiion  ,s 

where  /  is  the  distance  along  the  unclad  length.  PlU)  is  power  transmitted  in  the 
absence  of  an  absorbing  species.  In  the  case  of  the  single  mode  fibre. 


P(7)  =  P(0)exp 


lifUiUion  fi 


where  a  is  itie  hulk  ahsorhanee  eiH-Hicieiu  ol  the  external  I'liiid.  The  i)\erall 
evanescence  absorhance  lor  an  unclad  librc  ol  length  1.  is 


yL  _  rod. 
2.303“  2.303 


4\2  .  I4S| 

where  r  is  Iraclion  ol  power  outside  the  core. 
sV 


I'he  description  ol  the  field  in  tapered  fibres  is  based  on  modal  field  analysis,  using 


I.F  notation  as  appropriate  for  the  fundamental  (and  all  other  1=0)  modes. 
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